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ABSTRACT

Herein we present TmPrime, a computer program
to design oligonucleotide sets for gene assembly
by both ligase chain reaction (LCR) and polymerase
chain reaction (PCR). TmPrime offers much flexibil-
ity with no constraints on the gene and oligonucleo-
tide lengths. The program divides the long input
DNA sequence based on the input desired melting
temperature, and dynamically optimizes the length
of oligonucleotides to achieve homologous melting
temperatures. The output reports the melting tem-
peratures, oligonucleotide sequences and potential
formation of secondary structures. Our program
also provides functions on sequence pooling to sep-
arate long genes into smaller pieces for multi-pool
assembly and codon optimization for expression.
The software has been successfully used in the
design and synthesis of green fluorescent protein
fragment (GFPuv) (760bp), human protein kinase
B-2 (PKB2) (1446bp) and the promoter of human
calcium-binding protein A4 (S100A4) (752bp) using
real-time PCR assembly with LCGreen I, which
offers a novel approach to compare the efficiency
of gene synthesis. The purity of assembled products
is successfully estimated with the use of melting
curve analysis, which would potentially eliminate
the necessity for agarose gel electrophoresis. This
program is freely available at http://prime.ibn.
a-star.edu.sg.

INTRODUCTION

Current gene synthesis methods include ligase chain reac-
tion (LCR) (1) and polymerase chain reaction (PCR)
assembly (2), relying on the use of overlapped oligonucleo-
tides to construct genes. Various PCR-based methods
have been proposed in attempt to optimize the PCR pro-
cess for long DNA sequences and to enhance the accuracy
of assembly. These methods are the thermodynamically
balanced inside-out (TBIO) method (3), successive PCR

(4), dual asymmetrical PCR (DA-PCR) (5), overlap exten-
sion PCR (OE-PCR) (6,7) and PCR-based two-step DNA
synthesis (PTDS) (4). In LCR assembly, adjacent oligonu-
cleotides with no gap between consecutive oligonucleo-
tides are ligased together, resulting in the extension of
DNA length, whereas PCR assembly utilizes the DNA
polymerase to extend the oligonucleotides. Regardless of
LCR or PCR assembly, successful synthesis would require
proper oligonucleotide design to ensure that the oligonu-
cleotides are highly specific to their targets and have uni-
form hybridization temperature to maximize the assembly
efficiency.

Programs have been developed for gene synthesis
to automatically design oligonucleotides based on user-
specific hybridization temperature and oligonucleotide
length (8-13). Fairly good synthesis results have been
achieved for DNA below 1kb from oligonucleotides
designed by DNAWorks (8), Gene2Oligo (9) and
Assembly PCR Oligo Maker (10) programs. To reduce
errors in the synthetic gene, genes with long sequences
are usually split into fragments (~500 bp) and assembled
in separated pools first, and then fragments are assembled
into the full-length product in another PCR step.
GeneDesign (11) and GeMS (12) have implemented this
function for multikilobase gene synthesis. Except for the
DNAWorks, the existing programs are developed for
gapped PCR-based gene assembly, and are lacking in
the function of predicting the potential mis-hybridization
and secondary structures among oligonucleotides.
Moreover, none of these oligonucleotide design programs
is capable to design oligonucleotides or analyze potential
mis-hybridization for aspiring applications in genome syn-
thesis (13,14) with ultra-long DNA (>5kb) or multiplex
gene synthesis (15).

Herein we present TmPrime, a program that provides
unique features that are lacking in the conventional gene
synthesis software (Supplementary Table S1). It is able
to design oligonucleotides with very long gene sequences
(<40kb) for LCR and gapless PCR assembly. It uses a
novel approach to divide the input gene sequences into
oligonucleotides with homologous melting temperature.
In addition, the TmPrime implements an automatic gene
splitting for PCR-based long gene assembly (4,6,16).
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The potential mis-hybridization, hetero-dimer, homo-
dimer and hairpin formations among oligonucleotides
are screened by pair-wise sequence alignment. A misprim-
ing reduction scheme is employed for constructing genes
with highly repetitive DNA sequences using LCR assem-
bly (17). We have employed TmPrime in the synthesis
of three genes (752-1446bp) using real-time PCR with
LCGreen I detection. The melting curve analysis results
of the assembled genes have been compared with agarose
gel electrophoresis, as in quantitative competitive PCR
(QC-PCR) (18).

MATERIALS AND METHODS
Fast and flexible oligonucleotide design

Our approach started from a simple observation of the
gapless PCR or LCR assembly (Figure 1). For a given
sequence, all oligonucleotides were exactly adjacent with
no gap between two consecutive oligonucleotides. The
given sequence could be seen as the serial connection
of all overlapping regions of oligonucleotides. With this
simple observation, the problem of designing oligonucleo-
tides with uniform melting temperature would be equiva-
lent to dividing the given sequence into fragments with
homologous melting temperature, each fragment repre-
senting an overlapping region.

Central to TmPrime was the division of the given
sequence into fragments, and equilibration of the melting
temperature (7,,) across fragments. Two approaches,
Equi-space and Equi-T,,, were developed. In the Equi-
space method, the program first divided the given
sequence into fragments with approximately equal lengths
by markers (Equi-space in Figure 2), and computed the
average and deviation in melting temperatures using the
nearest-neighbor model with Santalucia’s thermody-
namic parameter (19), corrected with salt and oligonucleo-
tide concentrations, and the total number of phosphates in
the duplex for the difference of LCR and PCR assemblies
(20). One extra phosphate per oligonucleotide was con-
tributed by phosphorylated oligonucleotides prerequisite
for LCR. Next, the fragment sizes were adjusted by the
TmPrime through shifting the marker positions to mini-
mize the deviations in the overall melting temperature.
In the Equi-T}, approach, the sequence was cut into frag-
ments from the beginning until the end of the DNA
sequence based on the user-specified melting temperature

Nucleic Acids Research, 2009, Vol. 37, Web Server issue

w2is

(Equi-Ty, in Figure 2). This process would usually leave a
small DNA tail having 77, smaller than the user-specified
T The fragment boundaries were then shifted to accom-
modate this tail.

Once the melting temperatures of the fragments were
equilibrated, the oligonucleotides for gapless PCR or
LCR were formed by connecting two adjacent fragments
along both the sense and antisense strands. Each oligonu-
cleotide overlapped with its complementary neighbors by
exactly one fragment. The two tail segments at the 3’-end
of sense and antisense sequences were also included
for LCR assembly.

Multiple-pool assembly

For a gene that could be too long to be efficiently con-
structed in a single synthesis, TmPrime could automati-
cally split the gene into pools of shorter sequences based
on the user-specified number of pools with the pool-pool
overlap length automatically adjusted according to the
annealing temperature of across-pool assembly outer
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Figure 2. An overview of the oligonucleotide design scheme. The
software first divides the input sequence into approximately equal-
temperature (Equi-7,,) or equal-length fragments (Equi-space) using
markers based on the user-specified melting temperature. The positions
of the markers are iteratively shifted to globally minimize the deviation
in melting temperature among the fragments (7}, Equilibrate). Two
adjacent fragments are joined together to generate oligonucleotides
for PCR gapless assembly. The two tail segments at 3’-end of sense
and antisense sequences are also included for LCR assembly.
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Figure 1.

Scheme of LCR or gapless PCR assembly. The input sequence is the serial connection of overlap regions of oligonucleotides.
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primers (4,6,16). Different annealing temperatures can
be assigned for across-pool assembly outer primers,
within-pool assembly outer primers and inner oligonucleo-
tides, providing the flexibility for long gene construction.
Oligonucleotides for each pool assembly could be
optimized at the same melting temperature to allow the
parallel synthesis of different segments or different genes
simultaneously on a single thermal cycler.

Mis-hybridization screening

TmPrime was implemented using functional modules.
Beside the core oligonucleotide design module, various
modules were constructed in a cohesive manner.
Secondary structures, including hetero-dimers, homo-
dimers and hairpin loops, were searched via local pair-
wise sequence alignments with a score based on the
number of matched bases, and G+ C content. A window
containing 18 bases was pair-wisely aligned with the entire
forward and reverse DNA sequence, and the number of
matched bases within this 18-base window was recorded.
This pair-wise alignment was iteratively calculated with
the window position shifted one base each time from the
beginning until the end of the DNA sequence. The loca-
tions and types of secondary structures were reported
when the score was higher than the user-defined threshold
length.

TmPrime also implemented a mispriming reduction
scheme for constructing genes with highly repetitive
DNA sequences using LCR assembly, which represented
one of the most complicated mis-hybridization scenarios
where oligonucleotides can mispair at multiple sites. Our
approach took the inherent advantages of LCR, which
required stringent annealing conditions for effective
assembly. Ligation was invoked after two adjacent oligo-
nucleotides uniquely hybridized with an opposite pairing
DNA. TmPrime utilized this property, and created
two tables for each pair of mis-hybridization (consisting
of two adjacent oligonucleotides and their opposite pair-
ing template) based on the mis-hybridization screening
results. One table recorded the coordinates and 18-base
5’- and 3’-ends sequences of participated oligonucleotides,
whereas another table recorded the coordinate and
sequence of each opposite pairing template (36 bp). This
process recorded the 5'- and 3’-ends boundaries informa-
tion of mispairing oligonucleotide fragments for LCR
assembly. After that, each pairing template was pair-
wisely aligned with a random pair of 18-base segments.
A score was assigned if both the number of matched
bases was higher than the user-defined threshold length,
and the end coordinate of one segment was not the begin-
ning of the other segment (i.e. two segments were from
non-adjacent oligonucleotides). This step examined the
possibility of non-adjacent oligonucleotides annealing
with a pairing template, and the potential further exten-
sion of mis-hybridized fragments. This mis-hybridization
analysis was iteratively calculated within the user-specified
T, range with an increment of 0.4°C per step. During each
T, optimization step, the boundaries of oligonucleotide
fragments were also redefined, and the score was recalcu-
lated for each pairing template, resulting in a new overall

score for the entire sequence. The program output the
oligonucleotide set with the lowest score.

TmPrime also included a codon optimized feature.
It implemented codon optimization on the global optimi-
zation, which replaced each codon based on the organism-
specific codon frequencies using the organism-specific
codon data in Codon Usage Database (www.kazusa.
or.jp/codon)).

Target proteins

To evaluate TmPrime, gene sequences for a segment of
Escherichia coli codon-optimized GFPuv (760 bp) (21),
E. coli codon-optimized PKB2 (1446 bp) (3) and S100A4
(752 bp; chr1:1503312036-1503311284) (22) were selected
for synthesis via PCR assembly, using oligonucleotides
derived by TmPrime. GFPuv was selected for its wide-
spread use as a tagging protein, and due to the availability
of a published oligonucleotide set suitable for use as an
experimental control. PKB2 was selected based on the
reported difficulty of assembly via PCR (3), while
S100A4 has clusters of GC contents resulting in non-
uniform regions of high melting temperatures. Published
sequences of GFPuv (21) and PKB2 (3) were adapted for
comparing assembly results. The oligonucleotide sets
designed for the selected genes using the Equi-space
method are shown in Supplementary Tables S1-S4.

Real-time gene assembly and amplification

All PCR reactions, whether for assembly or amplification,
were run in Roche’s LightCycler 1.5 real-time thermal
cycling machine with a temperature transition of 20°C/s.
The melting curves analyses of assembled genes were
acquired using a ramp of 0.05°C/s for 72-99°C. The
one-step process was performed with 10 pl of reaction mix-
ture including 1x PCR buffer (Novagen), 2x LCGreen |
(Idaho Technology Inc.), 4 mM of MgSQy, 0.3 or 1 mM of
each of deoxynucleotide precursor (dNTP) (Stratagene),
500 pg/ml of bovine serum albumin (BSA), 10 or 64 nM
of oligonucleotides, 400 nM of forward and reverse pri-
mers and 1 U of KOD Hot Start (Novagen). The PCR
was conducted under the following conditions: 2min of
initial denaturation at 95°C, 30 cycles of 95°C for 5s, a
variable annealing temperature (dependent on the target
genes) for 10s, 72°C for 10-30s and a last extension
of 72°C for 10min. The PCR protocol for the two-step
process was essentially the same as that for the one-step
process, except for the concentration of oligonucleotides
used. For PCR assembly, 64 nM of oligonucleotides were
used. For gene amplification, 2 pl of the assembled prod-
uct was diluted in an amplification reaction mixture of
25 ul with primers concentration of 4 uM each. Desalted
oligonucleotides were obtained from Research Biolabs
(Singapore) without additional purification.

RESULTS

The TmPrime was designed to be flexible and easy to use.
Most of the parameters on the web interface were self-
explanatory (Supplementary Figure S1). The user would
be asked to provide the gene information, gene assembly



conditions (buffer condition and oligonucleotide concen-
trations), optional parameters for long DNA assembly
and parameters for mispriming analysis. The 7, range
was automatically set with £2°C, which would usually
give us a rapid convergence. The software would report
the melting temperatures, oligonucleotide sequences,
potential formation of secondary structures and statistical
information of the oligo sets of each pool in a PDF file. If
the codon optimization function was selected, information
regarding the codon optimization would also be reported
in the same output file.

TmPrime was written in C+ +. The process of design-
ing a multi-kilobase (<5 kb) sequence took <4 min when
TmPrime was served over a Red Hot server from a
Dell computer with dual 3.3-GHz Intel Xeons and 8 GB
of RAM.

Designing oligonucleotides for target proteins

Three target proteins were designed for the gapless
synthesis using TmPrime. Table 1 shows the melting tem-
perature of the given genes, average melting temperatures
and length of overlap regions, and oligonucleotides
optimized using the Equi-space approach. A fixed-length
control (40 nt) for GFPuv was also designed for compar-
ison of assembly efficiency. The variations in overlap and
oligonucleotide lengths were more than 14 bases for PK B2
and S100A4, with a melting temperature deviation smaller
than 9°C. The Equi-space approach was sensitive to the
distribution of sequence G+ C content, which generated
regions with elevated melting temperature (Supplementary
Figure S2). Equi-space suffered from this drawback,
whereby the 7, optimized tended to converge
regionally. The Equi-T,, approach greatly improved the
T uniformity to <3°C deviation for all three genes
(Supplementary Table S6), by dividing the sequence
based on the melting temperature. Thus, the Equi-7.,
approach was adopted for the latest TmPrime. No stable
secondary structures were detected at the intended melting
temperatures.

Oligonucleotide assembly and amplification

The gapless PCR-based gene syntheses have been per-
formed using the real-time PCR method and the oligonu-
cleotide sets derived from TmPrime. Performing gene
synthesis using real-time PCR with LCGreen I detection
enabled us to study the efficiency, quantity and quality
of the gene synthesis process as in real-time PCR amplifi-
cation (23,24). Full-length GFPuv fragments were
achieved using one-step process with TmPrime optimized
oligonucleotides (Lane 1) and fixed-length control

Table 1. Data on oligonucleotides
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oligonucleotides (Lane 2) (control) as shown by gel elec-
trophoresis (Figure 3). The optimized oligonucleotides
derived from TmPrime with a uniform 7, improved the
synthesis efficiency as indicated by the intensity difference
of full-length gel bands. TmPrime-optimized oligonucleo-
tides provided much better efficiency than the control.
This trend was also confirmed by the ratio of area under-
neath the melting peak (7, = 86.5°C) of the real-time
PCR results (Figure 4a). The integrated area of the melt-
ing peak in the negative derivative of fluorescence with
respect to temperature (—dF/dT versus T) gave the ratio
of the assembled product quantity (25). It was observed
that the DNA-melting curve over-presented the quantity
of full-length DNA due to the nature of gene synthesis
process. Besides the full-length DNA, the assembled mix-
ture contained also long incomplete products, which have
melting temperature indistinguishable from that of full-
length DNA.

No full-length gene products were obtained with the
one-step process on the relative long sequence (Lane 3;
PKB2, 1446 bp) or cluster GC content (Lane 6; SI00A4,
752 bp) (Figure 3), as consistent with the published results
(3). However, successful gene syntheses were achieved
with the two-step process for both PKB2 (Lane 5) and
S100A4 (Lane 8), as demonstrated by the distinct bands
on gel electrophoresis. The melting peak curves were
acquired for both one-step and two-step processes
(Figures 4b and c). The successful synthesis generated a
single, sharp melting peak in the melting curve, which
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Figure 3. Agarose gel electrophoresis of assembled products. One-step
synthesis of GFPuv (760 bp) from TmPrime: (Lane 1) optimized and
(Lane 2) fixed-length control oligonucleotides. (Lane 3) One-step syn-
thesis of PKB2 (1446 bp). Two-step synthesis of PKB2: (Lane 4) assem-
bly and (Lane 5) amplification. (Lane 6) One-step synthesis of SI00A4
(752 bp). Two-step synthesis of SI00A4: (Lane 7) assembly and (Lane
8) amplification. The annealing temperatures for the PCR process are
as follows: GFPuv, 50°C; PKB2, 61°C; S100A4, 58°C (assembly) and
49°C (amplification).

Gene Length Ty of Average T, Number of Overlap Oligonucleotide
(bp) gene (°C) (min, max) (°C) oligonucleotides length (nt) length (nt)

GFPuv TmPrime 760 85.7 55.8 (52.2, 58.6) 36 18-26 38-48

GFPuv Control 760 85.7 51.8 (40.6, 60.5) 38 20 40

PKB2 1446 93.5 66.6 (63.6, 68.8) 60 17-31 20, 38-57

S100A4 752 91.6 66.0 (61.1, 69.8) 30 19-33 19, 41-66
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Figure 4. (a) Melting peak analyses of the assembled products
for GFPuv from one-step synthesis: (dashed line) optimized and
(solid line) fixed-length control oligonucleotides. Melting peak analyses
of the assembled products for (b) PKB2 and (¢) S100A4 from one-
step and two-step syntheses; two replicas were performed for each set
of oligonucleotides. The corresponding agarose gel electrophoresis
results of the assembled products are shown in Figure 3. The measured
Ty values are 86.5°C for GFPuv, 91.5°C for PKB2 and 90.5°C for
S100A4.

corresponded to a distinct band in gel electrophoresis
for the two-step process. In contrast, for the one-step pro-
cess, the melting curve was broad, indicating that
the product was a mixture of DNAs with intermediate
lengths, as reflected in the smeared gel electrophoresis.
The majority of one-step products were incomplete with
DNA lengths of ~200-300bp. The calculated 7},
(Table 1) by TmPrime matched with the measured T,
for all three target genes within 2°C for the two-step

process (Figure 4). Successful LCR assembly was also
demonstrated on GFPuv with comparable gel results to
two-step PCR process (Supplementary Figure S3).

Comparison with existing oligonucleotide design programs

The performance of TmPrime was compared with conven-
tional oligonucleotide design programs (8—11) for S100A4,
PKB2, GFPuv and the whole genome of poliovirus (13)
(Genbank FJ517648; 7418 bp) and X174 bacteriophage
(14) (Genbank J02482; 5386bp) (Supplementary
Table S6). TmPrime offered the most homologous melting
temperature for all three genes with AT, <3°C, about
half of the values provided by DNAWorks. A wider
range of annealing temperatures (50—70°C) was accepted
for TmPrime than that of DNAWorks (58-70°C) and
Assembly PCR Oligo Maker (50-60°C) for designing
genes with various GC contents. GeneDesign only
employs gapped design, and can not adjust the oligonu-
cleotide concentration and PCR buffer conditions. The
oligonucleotide design failed while the sequence of consec-
utive oligonucleotides collided (in PKB2 and GFPuv at
Ty of 65°C). The Gene2Oligo has difficulty in designing
S100A4, which failed to converge at specified annealing
temperature. Moreover, only TmPrime can handle the
poliovirus and X174 bacteriophage genomes.

DISCUSSION

TmPrime was fast and flexible with no inherent limitation
on the gene length and GC content (the only constraint
was the computer memory). It utilized an Equi-T7}, oligo-
nucleotide design approach to overcome the fundamental
cluster melting temperature distribution problem, which
was encountered by most programs (9-12) that divided
DNA sequence based on the length of genes containing
cluster GC content. Presumably, parsing the DNA
sequence on length would be more vulnerable to the
sequence context, and cause the T, of oligonucleotides
to be less uniform. Oligonucleotides with various lengths,
but uniform 7y, (AT, usually <3°C), were generated for
both gapless PCR and LCR assemblies. Long DNAs
could be partitioned automatically into pools of smaller
pieces based on the user-specified number of pools and
across-pools assembly annealing temperature. This
unique feature was essential for the whole genome synthe-
sis (13,14,26) and artificial protein construction (27,28).
All secondary structures including homo-dimers, hairpin
loop and mishybridization were screened to reduce the
possibility of incorrect synthesis. Unlike DNAWorks (8),
TmPrime stitched the adjacent potential mishybridization
regions together and reported the entire extended region.
This feature allowed users to easily visualize and inspect
the problematic DNA regions (such as hairpin and repet-
itive DNA sequence), which might cause problems during
gene assembly. These key features were either lacking or
inadequate in the conventional oligonucleotide design
programs.

TmPrime is capable of handling ultra-long DNA up
to 40kb. This feature is particularly useful for genome
synthesis (13,14) and multiplex gene synthesis with



oligonucleotides from DNA microarray chip (15). In the
case of genome synthesis with ultra-long DNA, the mis-
hybridization would become more prevalent. It would be
beneficial to screen the whole genome for possible mis-
hybridization, and divide the DNA into pools accordingly
before synthesizing the oligonucleotides. The current
microchips can provide hundreds of thousands of oligo-
nucleotides per chip at a few hundred dollars, which
would offer oligonucleotide at significantly reduced cost
if one can utilize oligonucleotides directly from DNA
microchip for de novo gene synthesis (29). To achieve
this goal, two critical issues must be addressed, which
are related to the inherent properties of DNA microchips.
Current microchips have very low surface areas and hence
only a small amount of oligonucleotides (0.1 pmol/mm?)
can be produced (30). Thus, the resulting concentration of
eluted oligonucleotides (<1 nM; 100 umx 100 um spot size
and 1pl PCR volume) might be insufficient for effective
hybridization. Moreover, the eluted solution contains
hundreds of thousands of oligonucleotides, which increase
the possibility of mis-hybridization. TmPrime, with its
highly uniform T77,, would enhance the hybridization effi-
ciency of oligonucleotide at ultra-low concentration
(<1nM), while the mispriming analysis features would
facilitate multiplex gene design.

The gapless assembly required shorter oligonucleotides
than the gapped assembly at the same annealing tempera-
ture. Thus, the gapless oligonucleotide design would
potentially provide an extra advantage in minimizing the
error of gene synthesis, which was mainly introduced from
the oligonucleotides (31) and increased with oligonucleo-
tide length due to the inherently error-prone oligonucleo-
tide chemical synthesis process pointed out by Xiong et al.
(4). The error rate of PCR assembly using 90-nt oligonu-
cleotides was three to four times higher than that of using
60-nt oligonucleotides. Oligonucleotides were chemically
synthesized base-by-base with a step yield of ~98.5%
(32). Beside the correct-length oligonucleotides, the popu-
lation of other molecules including both truncated species
capped at the growing end and uncapped molecules con-
taining errors increased with the oligonucleotide length,
which could have also participated in the PCR process
and generated products of incorrect sequence. In addition,
using short oligonucleotides with high melting tem-
perature should also reduce the potential of forming sec-
ondary structures, and prevent the generation of faulty
sequence. Moreover, the unique T,-optimized LCR
assembly option would enhance the designing of oligonu-
cleotides for constructing difficult genes with highly repet-
itive DNA sequences, which could not be achieved via
PCR method (17).

The quality and quantity of PCR-based gene synthesis
are influenced by several factors, such as annealing tem-
perature, concentration of oligonucleotides, DNA poly-
merase, concentration of monomers and number of PCR
cycles. These factors have been systematically studied
using real-time gene synthesis with TmPrime optimized
oligonucleotides (S100A4), which has led to insights
into the gene synthesis process (24). Depending on the
complexity of target genes, the synthetic genes are often
constructed with a one-step or two-step overlapping
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process. The one-step process was preferred for short
DNAs (<500 bp), wherein the amplification primers were
mixed with assembly oligonucleotides in a single PCR
reaction. In the one-step process, the assembly and ampli-
fication were conducted simultaneously, which could com-
pete for the fixed amount oligonucleotides and monomers
(dNTPs), and render intermediate products with lower
molecular weights. This competitive process was more
critical for DNA with high GC content or length (3.4),
and was minimized in the two-step PCR process. These
GC content and length effects were demonstrated by syn-
theses of GFPuv (760bp; GC: 30-50%, avg.: 42%),
S100A4 (752bp; GC: 40-68%, avg.: 56%) and PKB2
(1446 bp; GC: 50-68%, avg.: 58.4%). GFPuv synthesis
was achieved with one-step PCR, while two-step process
was more robust for SI00A4 and PKB2. In addition, the
reportedly difficult gene PKB2 with both cluster GC
and high length (3) has been successfully synthesized
from 60 oligonucleotides, demonstrating the capability
of our program.

We have also reported a method on using real-time
PCR to monitor the gene assembly results. The melting
curve results were consistent with the agarose gel electro-
phoresis findings. Successful gene synthesis yielded prod-
uct with a single, sharp melting peak, while incomplete
synthesis resulted in a broad melting curve. It was noted
that the melting curve analysis would over-estimate the
quantity of full-length DNA when the assembled mixture
contained intermediate DNAs. The accuracy and robust-
ness of this method would be substantially improved
by enzymatic impurities clean-up, whereby DNA is
assembled from 5'-phorphorylated inner oligonucleotides
and 5'-hydroxyl (5-OH) outer primers, followed by A exo-
nuclease treatment to digest the phorphorylated truncated
DNAs (17,33). Besides providing a tool for characterizing
the synthesis products, the real-time method could be inte-
grated with microfluidic gene synthesis (34) to develop
automated gene synthesis.

The low fidelity of synthetic DNA is a substantial obsta-
cle for de novo gene synthesis. Error rates of 1-11 errors
per kb of DNA have been reported (4,8,15). Xiong et al.
(4) pointed out that the error frequency was related to
assembly methods. The two-step overlapping PCR has
the lowest error rate (1.26 error/kb) compared to one-
step overlapping (3.78 error/kb), two-step successive
(4.62 error/kb) and one-step successive (7.98 error/kb)
PCRs, studied using 60-nt PAGE purified oligonucleo-
tides. This finding implied that the error rate increased
as the DNA assembly efficiency decreased. It is conceiv-
able that methods with lower assembly efficiency would
produce more error-prone intermediate products, result-
ing in a higher error rate. In addition, we found that the
assembly efficiency was largely influenced by oligonucleo-
tide concentration (24). The assembly reached the plateau
at around cycle 10 and cycle 30 with oligonucleotide con-
centrations of 80nM and 10nM, respectively. In short,
with the help of our real-time gene synthesis and
TmPrime, one could investigate the effect of oligonucleo-
tide concentration on error rate, which is important for
DNA-microarray gene synthesis.
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We would like to point out that we have not incorpo-
rated the functions for automatic multiplex gene design.
The user might have to stitch the multiple gene sequences
together into a single DNA sequence by using a word
processor, and conduct the oligonucleotide design and
mishybridization analysis accordingly. An interface with
multiple genes uploading will be added to support this
feature. In addition, we hope to add in more features for
codon optimization with global- and per-codon optimiza-
tions using the latest organism-specific codon data (35,36).
The per-codon optimization would provide fine control,
allowing the user to change specific codon by selecting
one of its alternatives. These features are being introduced
into our program.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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